Breathing must be tightly coordinated with other behaviours such as vocalization, swallowing, and coughing. These behaviours occur after inspiration, during a respiratory phase termed postinspiration 1 . Failure to coordinate postinspiration with inspiration can result in aspiration pneumonia, the leading cause of death in Alzheimer's disease, Parkinson's disease, dementia, and other neurodegenerative diseases 2 . Here we describe an excitatory network that generates the neuronal correlate of postinspiratory activity in mice. Glutamatergic-cholinergic neurons form the basis of this network, and GABA (γ-aminobutyric acid)-mediated inhibition establishes the timing and coordination relative to inspiration. We refer to this network as the postinspiratory complex (PiCo). The PiCo has autonomous rhythm-generating properties and is necessary and sufficient for postinspiratory activity in vivo. The PiCo also shows distinct responses to neuromodulators when compared to other excitatory brainstem networks. On the basis of the discovery of the PiCo, we propose that each of the three phases of breathing is generated by a distinct excitatory network: the pre-Bötzinger complex, which has been linked to inspiration 3, 4 ; the PiCo, as described here for the neuronal control of postinspiration; and the lateral parafacial region (pF L ), which has been associated with active expiration, a respiratory phase that is recruited during high metabolic demand 4,5
. Horizontal slices also generated postinspiratory population activity that discharged immediately after, but never during, inspiratory activity, and followed sighs generated in the preBötC 11 ( Fig. 1a) . Postinspiratory bursts occurred spontaneously on average after 1 out of 12 preBötC bursts in the horizontal slice ( Fig. 1a and Extended Data Fig. 2 ). The decreased excitability of postinspiratory activity compared to preBötC activity could be due to the absence of the pons, which, in vivo, provides descending neuromodulatory inputs, including norepinephrine, to the medulla 12 . Indeed, postinspiratory activity in our slice preparation was exquisitely sensitive to norepinephrine. In the presence of 2 μM norepinephrine, postinspiratory population activity occurred with nearly every inspiratory cycle ( Fig. 1a and Extended Data Fig. 2 ). Therefore, we used this norepinephrine concentration as a tool to facilitate postinspiratory activity in vitro.
Postinspiratory population activity was most pronounced approximately 400 μm rostral to the preBötC, dorsal to the BötC, and caudal to the facial (VII) nucleus. We refer to this area as the postinspiratory complex (PiCo; Fig. 1a and Extended Data Fig. 1 ). To assess the distribution of postinspiratory activity, we positioned one electrode in the PiCo region and a second electrode contralaterally to map the amplitude of postinspiratory population activity across the VRC (Fig. 1a) . Postinspiratory activity was concentrated rostral to the preBötC, but extended caudally and partially overlapped with inspiratory activity.
We anatomically characterized the PiCo by immunohistological labelling of transverse sections (Fig. 1b, left) , revealing that choline acetyltransferase (ChAT)-positive cholinergic and vesicular glutamate transporter 2 (Vglut2; also known as Slc17a6)-expressing glutamatergic neurons in Vglut2-cre;Ai6 cre reporter mice co-localized in the PiCo, dorsomedial to the nucleus ambiguus (Fig. 1b, right) . By contrast, ChAT-positive neurons in the nucleus ambiguus lacked substantial Vglut2 expression (Extended Data Fig. 3 ). In the sagittal plane, PiCo neurons that were co-labelled with ChAT and Vglut2 were located dorsal and caudal to the VII nucleus (Fig. 1c, left) . Quantification of ChAT and Vglut2 co-expression revealed that the PiCo mainly extends from 40 to 280 μm medial to the nucleus ambiguus and −50 to 250 μm caudal to the VII nucleus caudal border (Fig. 1c, right) . In situ hybridization confirmed that Vglut2 mRNA was expressed in Chat-derived PiCo neurons in transverse sections from Chat-cre;Ai14 mice (Fig. 1d, e) .
The Cre-dependent reporter line Ai27, which conditionally expresses channelrhodopsin-2 (ChR2) fused to td-Tomato in the presence of a selective, promoter-driven Cre, allowed photo-stimulation of specific neuronal sub-populations 13 . We recorded from PiCo neurons in Vglut2-cre;Ai27 and Chat-cre;Ai27 horizontal slices. Membrane depolarization of tetrodotoxin (TTX)-isolated PiCo neurons during light stimulation demonstrated that functionally identified postinspiratory cells were glutamatergic and cholinergic (Fig. 2a) , consistent with the histological results. PiCo neurons generated neither pre-inspiratory bursts nor the biphasic discharge typical of pre-inspiratory neurons in the retrotrapezoidal nucleus parafacial respiratory group (RTN/pFRG) region 14 . Postinspiratory population activity was unaffected by the use of bath-applied strychnine to block glycinergic inhibition ( Fig. 2b and Extended Data Fig. 4 ). However, PiCo and preBötC bursts progressively synchronized following blockade of GABAergic inhibition with gabazine, in the presence (Fig. 2b and Extended Data Fig. 5 ) or absence (data not shown) of strychnine. The burst area of postinspiratory activity was increased when synaptic inhibition was blocked (Extended Data Fig. 4) , indicating that the PiCo rhythm is modulated, but not generated, by inhibitory mechanisms. Inspiratory and postinspiratory bursts persisted following NMDA receptor blockade with 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP; data not shown), but bursting was abolished following non-NMDA glutamatergic blockade with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Fig. 2b ). We conclude that inspiratory and postinspiratory activities are generated by glutamatergic, non-NMDA dependent mechanisms, whereas the timing of inspiratory and postinspiratory bursts is established by GABAergic mechanisms.
Inspiratory rhythm-generating neurons in the preBötC are derived from Dbx1-expressing progenitor cells 15 . To investigate whether these neurons interact with PiCo, we used a tamoxifen-inducible transgenic line (Dbx1-cre-ERT2;Ai27) in which Dbx1-positive cells born after embryonic day (E)10.5 express channelrhodopsin-2. Photostimulation of preBötC neurons in horizontal slices from Dbx1-cre-ERT2;Ai27 mice inhibited all recorded PiCo neurons in the presence of 2 μM norepinephrine alone and after the addition of strychnine (Fig. 2c) . In the presence of gabazine, this light-evoked inhibition was eliminated. The blockade of GABAergic inhibition revealed that PiCo neurons also received excitatory input from the preBötC, which was blocked by CNQX (Fig. 2c) . Thus, inspiratory activity involving Dbx1-derived neurons simultaneously excites and inhibits PiCo neurons via glutamatergic and GABAergic mechanisms, respectively; however, under normal conditions, GABAergic input dominates over the concurrent glutamatergic excitation from the preBötC (Fig. 2c) .
Because PiCo neurons co-express acetylcholine and glutamate ( Fig. 1 ), we tested whether the postinspiratory rhythm depended on cholinergic mechanisms. Atropine, a muscarinic receptor antagonist, but not mecamylamine, a nicotinic receptor antagonist, depressed postinspiratory burst frequency. However, postinspiratory bursting persisted in the presence of both blockers and returned to near baseline frequency when the concentration of norepinephrine was increased to 4 μM (Extended Data Fig. 6 ). Thus, the PiCo rhythm is modulated by, but not dependent on, cholinergic mechanisms.
PiCo neurons were intrinsically sensitive to the μ-opioid receptor agonist (D-Ala 2 , N-Me-Phe 4 , Gly 5 -ol)-Enkephalin (DAMGO) the (Extended Data Fig. 7) . In horizontal slices, PiCo population bursts were nearly eliminated by treatment with 25 nM DAMGO, whereas burst frequency in the preBötC was only slightly decreased ( Fig. 2d and Extended Data Fig. 8 ). This exquisite opioid sensitivity unambiguously differentiates PiCo from the previously described RTN/pFRG, a region that is thought to contain the network that generates active expiration 4 and is known to be insensitive to μ-opioid receptor activation 16 . The peptide somatostatin (SST) also inhibited postinspiratory PiCo activity, but had little effect on preBötC activity ( Fig. 2e and Extended Data Fig. 8 ). These data are consistent with the inhibition of postinspiration by SST in vivo 17 . Optogenetic stimulation of ChAT-positive neurons always elicited postinspiratory bursts from the PiCo in horizontal slices. Such stimulation never evoked an inspiratory burst (Extended Data Fig. 9 ) or burst activity in intracellularly recorded nucleus ambiguus neurons (data not shown). Because of this specificity for postinspiratory activity, we used adult Chat-cre;Ai27 mice to stimulate the PiCo in vivo. Similar to the in vitro results, optogenetic activation of ChAT-positive neurons at the level of the PiCo (Fig. 3a-c) reliably evoked bursts in the cervical vagal nerve (cVN) (Fig. 3d and Extended Data Fig. 9 ). Photo-evoked postinspiratory bursts delayed the subsequent inspiration (Fig. 3d, e and Extended Data Fig. 9 ). This delay was eliminated by bilateral injection of DAMGO into the PiCo (Extended Data Fig. 10 ). Thus, postinspiration has a mutually inhibitory relationship with inspiratory activity.
To assess whether the PiCo is responsible for generating postinspiratory motor output in vivo, we took advantage of the sensitivity of the PiCo to SST and DAMGO. Bilateral injections of SST or DAMGO into the PiCo in vivo (Fig. 3a-c ) markedly reduced the duration and amplitude of spontaneous vagal postinspiratory bursts (Fig. 3f-h ). Collectively, these results suggest that the PiCo is both necessary and sufficient for generating postinspiratory activity.
Moreover, the PiCo seems to possess autonomous rhythmogenic properties. In horizontal slices, norepinephrine concentrations above 2 μM generated ectopic PiCo population bursts that outpaced the preBötC rhythm (Fig. 4a and Extended Data Fig. 2 ). Ectopic bursts To further test the possibility that PiCo is an autonomous rhythm generator, we separated the VRC into two adjacent rostral and caudal transverse slices (Fig. 4c) . Together, these slices span a total length of 1-1.1 mm of the rostrocaudal VRC, beginning with the caudal portion of the VII nucleus. Recordings from the caudal face of each transverse slice revealed a slower rhythm in the rostral transverse slice containing the PiCo than in the caudal slice containing the preBötC 3,11 ( Fig. 4c ). In the presence of 2 μM norepinephrine, both transverse slices exhibited regular rhythmic activities with similar burst frequencies ( Left, Chat-cre;Ai27; right, brightfield. c, Dye spread (n = 7), centred at the PiCo (0-200 μm caudal from rostral nucleus ambiguus). Ipsilateral (grey), contralateral (teal) injections, bars ± max/min; pooled data in red, mean ± s.e.m. d, PiCo photostimulation in adult Chat-cre;Ai27 mice evokes vagal bursts and delays subsequent inspiration (grey bars, expected inspiratory phase; purple bars, inspiratory phase delay). e, Quantification of inspiratory phase delay (n = 6); magnitude depends on stimulus phase (slope: 0.549, linear regression analysis). f, g, Injection of SST or DAMGO progressively decreases burst duration in the cVN but not the XII nerve. I, inspiration; PI, postinspiration. h, Postinspiratory burst duration, amplitude, and frequency following injection of SST (n = 3) or DAMGO (n = 4). Two-tailed paired t-test, φ P < 0.05 compared to baseline; mean ± s.e.m.
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CNQX (Extended Data Fig. 4 ), similar to the findings in horizontal slices. Consistent with our histological characterizations, optogenetic stimulation of either Vglut2-cre;Ai27 or Chat-cre;Ai27 rostral slices evoked population bursts in the PiCo (Fig. 4d) . This provides additional evidence that glutamatergic-cholinergic neurons are important for rhythm generation within the PiCo network. Furthermore, PiCo activity was exquisitely sensitive to DAMGO and SST in isolated transverse slices (Extended Data Fig. 8 ). We conclude that the PiCo and preBötC can function as independent oscillators with similar rhythm-generating but distinct modulatory properties.
As an excitatory rhythmogenic network, the PiCo may not only be involved in the control of breathing, but might also contribute to the generation of other postinspiratory behaviours such as swallowing and vocalization. Although we did not perform behavioural assays in this study, various types of postinspiratory burst waveforms were observed in the vagal nerve (Extended Data Fig. 10 ) that were similarly affected by manipulation of the PiCo, supporting the idea that this network might have a broad role in controlling postinspiratory activities. In this context it will be interesting to resolve the role of the PiCo in specific postinspiratory behaviours and to identify how the PiCo interacts with other neural networks such as the Kolliker-Fuse nucleus, a pontine structure that has been hypothesized to gate postinspiratory activity 18 , and the periaqueductal grey, a structure involved in vocalization and the control of postinspiration 19 . On the basis of our results, we propose a triple oscillator model in which the three phases of breathing-inspiration, postinspiration, and active expiration-are generated by three spatially distinct excitatory rhythmogenic microcircuits, the preBötC, PiCo, and pF L , respectively, which are temporally coordinated by inhibitory interactions. The existence of discrete excitatory networks may facilitate the differential and dynamic control of ventilatory and non-ventilatory behaviours. Coupled oscillators 20 have also been hypothesized to be involved in networks controlling locomotion 21 , scratching 22 , swimming 23 and the circadian clock 24 . Thus, this network organization may constitute a general principle of rhythm generation that promotes flexible control of complex biological processes.
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; Bradford Lowell). Dbx1-cre-ERT2 (Dbx1
CreERT2 (refs 15, 26) ) dams were bred with Ai27 males and pregnancies were timed and monitored. We intraperitoneally injected tamoxifen (25 mg/kg; from 10 mg tamoxifen (SigmaAldrich) dissolved per ml of corn oil) on embryonic day (E)10.5. Mice were typically born after 20 days of gestation. No method of randomization was used to determine how animals were allocated to experimental groups and the investigators were not blinded when analysing data in this study. No statistical methods were used to predetermine sample size. In vitro slice preparations. We dissected the ventral respiratory column (VRC) using three types of brainstem slice: (1) A 'caudal' transverse slice that contains the preBötC as previously described 3, 11 ; (2) a rostral transverse slice that encompasses the BötC and caudal portions of the VII nucleus; and (3) a horizontal slice that bilaterally isolates the VRC extending from the VII nucleus to the spinal cord. Slices were obtained at postnatal day (P)5-10 from CD1 and transgenic C57BL/6 mice. Animals were anaesthetized via rapid hypothermia on ice before quick decapitation at spinal cervical level C4-C5. The three slice types were differentiated by the cutting angle, plane and thickness of the slice.
For transverse slices, the head was pinned in a tissue-culture dish filled with a silicone elastomer (Sylgard). Skin and connective tissue were removed, and fine scissors were used to cut along skull sutures to separate the interparietal region of the skull and expose the cerebellum. A one-sided razor was used to make a single cut between the inferior colliculus and cerebellum. The brainstem was isolated by removing the cerebellum in ice-cold, oxygenated (95% O 2 , 5% CO 2 ) artificial cerebrospinal fluid (aCSF) containing (in mM): 128 NaCl, 3 KCl, 1.5 CaCl 2 , 1 MgCl 2 , 24 NaHCO 3 , 0.5 NaH 2 PO 4 , and 30 d-glucose (pH 7.4, 305-312 mOSM). A slanted (~15° from vertical) agar block was secured on a specimen tray, and then the isolated brainstem and spinal cord preparation was glued with cyanoacrylate to the slanted portion of the agar such that the rostral end was facing upward and the dorsal side was glued to the agar. Serial transverse slices proceeded on a vibratome until visual landmarks became clear. Once the 4th ventricle was completely open, a 550-μm slice was taken to obtain the rostral transverse slice containing the PiCo. The caudal face of this slice was characterized by containing the rostral-most portion of the nucleus ambiguus and the caudal portion of the VII nucleus. The subsequent 550-μm slice isolated the caudal transverse slice. This caudal slice was identical to the well-established transverse slice known to contain the preBötC 11 .
From an individual animal we routinely obtained both the rostral and the caudal slice preparation and recorded from the caudal side of each of the transverse slices in the same recording chamber.
To obtain the third type of slice preparation, the horizontal slice, the brainstem was mounted as described for the transverse slices. Serial coronal slices were taken from the rostral end of the brainstem until the facial nerves became visible, approximately 800-1,000 μm. The agar block was then removed from the specimen tray and reoriented so that the ventral surface of the brainstem faced upward and the blade advanced towards the rostral portion of the brainstem. The preparation was angled so that the ventral-most portion of the medulla was approximately level with the ventral-most portion of the spinal cord. The blade was positioned level to the rostroventral edge of the brainstem, stepped 900 μm downward (in the dorsal direction), and a single horizontal slice was cut retaining the ventral portion of the brainstem and spinal cord. The horizontal slice preserves long-range bilateral network interactions throughout the rostral-caudal axis of the VRC. In vitro electrophysiology. All slices were immediately transferred to the recording chamber, where they were superfused with aCSF at a rate of 10 ml/min, bubbled continuously in carbogen (95% O 2 and 5% CO 2 ) to oxygenate and adjust pH to 7.4, and allowed to equilibrate to experimental temperature (33 ± 2 °C, thermoneutral zone for mice). Population activity was obtained by raising the extracellular potassium concentration from 3 mM to 8 mM in two steps over 30 min This is defined as 'spontaneous conditions' .
Population activity was routinely recorded with borosilicate glass microelectrodes (World Precision Instruments) pulled on a Flaming/Brown micropipette puller (model P97, Sutter Instrument Co., <1 MΩ tip resistance) placed on the slice surface. Signals were amplified, filtered, and integrated as previously described 27 . Automated burst analysis software was used to determine population recordings of burst frequency and amplitude 28 . The mapping experiment (Fig. 1a) was performed by placing a reference extracellular electrode on the PiCo and a second, mapping extracellular electrode on the contralateral side of a horizontal slice. The mapping electrode was systematically moved in 100-μm stereotaxic steps rostral, caudal, medial, and lateral to the PiCo. Postinspiratory burst amplitudes from the mapping electrode were normalized to that from the reference electrode to create a heat map of activity.
In horizontal and rostral transverse slices from transgenic mice expressing ChR2 in a subset of neurons, the PiCo (contralateral to the recording electrode) was light-stimulated using optical fibre (DPSSL Driver, blue 473 nm wavelength, 200 μm diameter, <22 mW/mm 2 intensity) for 500 ms or 1.5 s. Collections of 10 or 40 sweeps were recorded in succession (shown overlaid).
Intracellular blind patch recordings were performed on PiCo neurons. Borosilicate glass patch electrodes (with filaments, World Precision Instruments) were pulled (P-97 Flaming/Brown micropipette puller, Sutter Instrument Co.) to a 6-12 MΩ resistance. Electrodes were filled with an intracellular patch solution containing (in mM): 140 K-gluconic acid, 1 CaCl 2 , 10 EGTA, 2 MgCl 2 , 4 Na 2 ATP, 10 HEPES (pH 7.4). Whole cell patch-clamp recordings were obtained in current clamp configuration using a Multiclamp 700B amplifier (Molecular Devices) sampling at 20 kHz. Extracellularly recorded signal was sampled at 1.67 kHz, amplified 10,000 times, filtered (low pass, 1.5 kHz; high pass, 250 Hz), rectified, and integrated using an electronic filter. Both extracellular and intracellular recordings were obtained with Clampex 10.0 (Molecular Devices). Recordings were stored on a computer for post-hoc analysis.
Receptor antagonists and neuromodulators were bath perfused during in vitro extracellular and intracellular recordings. All stock solutions were stored at -20 °C in small-volume aliquots to avoid repetitive freezing and thawing. Strychnine (1 μM, glycine receptor antagonist, Sigma Aldrich) and SR 95531 hydrobromide (gabazine, GABA A receptor antagonist, 10 μM, Tocris) were used to block inhibitory synaptic transmission. To further block all fast synaptic transmission, 3-(( ± )2-carboxypiperazin-4yl)propyl-1-phosphate (CPP, NMDA receptor antagonist, 10 μM, Tocris) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, AMPA receptor antagonist, 20 μM, Alimony Labs, diluted in DMSO) were bath applied. To block action potentials, 1 μM tetrodotoxin (TTX, Sigma-Aldrich) was used. To block cholinergic receptors, 10 μM atropine, a muscarinic receptor antagonist (Sigma-Aldrich) and 1 μM mecamylamine hydrochloride, a nicotinic receptor antagonist (Sigma Aldrich) were bath applied. To stimulate the PiCo rhythm, DL-norepinephrine hydrochloride (norepinephrine, 1-4 μM, Sigma-Aldrich) was used; and to inhibit the PiCo rhythm, [D-Ala -ol]-Enkephalin (DAMGO, 1-300 nM, Sigma-Aldrich) and somatostatin (SST, 500 nM, Tocris) were applied. In vivo electrophysiology. Adult mice were prepared as described previously 29 .
Chat-cre;Ai27 mice (P140-250) were anaesthetized with urethane (1.5 g/kg) and placed in a supine position, and the head was stabilized with ear bars. The trachea was exposed via a cervical midline incision and cannulated with a U-shaped tracheal tube. For the remainder of the surgery and experimental protocol, mice were allowed to spontaneously breathe humidified O 2 (FiO 2 = 100%). The rostral ends of the trachea and oesophagus were removed, followed by removal of the muscle and bone covering the ventral brainstem so that the vertebral and basilar arteries were visible. The dura and arachnoid membranes were removed followed by continuous perfusion of the ventral medullary surface with 95% O 2 /5% CO 2 equilibrated aCSF solution at 37 ± 0.5 °C. The hypoglossal nerve (XII) and cervical vagus nerve (cVN) were isolated and cut, and their activity was measured using a suction electrode containing aCSF. Signals were amplified, bandpass filtered (8 Hz-3 kHz), and digitized with a Digidata 1400 and pClamp 10 software (Molecular Devices).
After completion of the surgery, mice were allowed to stabilize for 15 min before 15-20 min of baseline respiratory activity was recorded. Using the vertebral and basilar arteries as landmarks (Fig. 3a-c) , 200 μm diameter optical fibres coupled to a 447 nm DPSSL driver laser at intensity <230 mW/mm 2 were placed bilaterally on the ventral surface of the medulla above the region containing the PiCo. XII and cVN activity was recorded during 10-s episode files containing a 200-ms light pulse to stimulate Chat-cre-expressing cells. Inspiratory and postinspiratory (spontaneous or light-evoked) activity was analysed using Clampfit 10 software (Molecular Devices). The phase of evoked cVN postinspiratory activity was determined as the fraction of the inspiratory cycle (Extended Data Fig. 9 ) or the fraction of the average duration of the preceding two inspiratory cycles (expected phase, Fig. 3e ). The inspiratory phase duration during cycles containing a light-evoked PiCo burst were then divided by the expected phase to determine the phase delay (Fig. 3e) .
In some mice, the PiCo was photostimulated before and after bilateral injection of 5 μM DAMGO to assess the effect of DAMGO on the inspiratory phase delay (Extended Data Fig. 10) .
To test whether PiCo activity is necessary for postinspiration in vivo, pulled micropipettes containing somatostatin (SST; 750 μM) or DAMGO (5 μM), and either Evan's Blue or Fast Green to identify the injection site, were inserted (300-400 μm) bilaterally into the PiCo. Spontaneous postinspiratory burst amplitude, duration, and frequency were then quantified 3-5 min after a 250-nL injection of SST or DAMGO and compared (using student's t-test) to pre-injection values (GraphPad, Prism 5 software). Postinspiratory burst duration was determined by subtracting the duration of XII nerve inspiratory activity from the duration of the corresponding cVN burst. Postinspiratory amplitude was defined as the amplitude of cVN activity immediately following XII nerve inspiratory activity. Following experimental protocols, mice were perfused with 4% paraformaldehyde (PFA), and brainstems were extracted and cryoprotected (30% sucrose in PBS). Brainstems were then serially sectioned to identify sites of injection. Immunohistochemistry. 200-μm rostral transverse slices from Vglut2-cre;Ai14 mice were fixed with 4% PFA for 1 h and immunostained as whole mounts. Slices were washed in PBST (0.1-0.5% Triton X-100), blocked with 10% donkey serum in PBST overnight at 4 °C, incubated for 2-3 days in primary antibody in blocking solution at 4 °C, washed in PBST, incubated in secondary antibody in blocking solution for 5-8 h at room temperature, washed in PBST, counterstained with 0.01% DAPI (Life Technologies), and mounted in Fluoromount-G (SouthernBiotech). 40-μm sagittal sections from Vglut2-cre;Ai14 mice were also immunolabelled for quantification. Mice were transcardially perfused with 4% PFA, and brainstems were postfixed in 4% PFA overnight. Isolated brainstems were transferred through increasing sucrose gradients (10-30%), embedded in OCT compound (TissueTek), frozen, and cryosectioned. Immunohistochemical labelling followed the same protocol as for whole mounts with shortened incubation times. Primary antibodies included anti-ChAT (1:100, AB144P, Millipore) and anti-Cre recombinase (1:200, 908001, BioLegend). Secondary antibodies were Alexa Fluor 568-or 647-conjugated (1:250, Life Technologies). Maximum intensity projections of optical slice z-stacks were acquired using a Zeiss 710 Quasar 34-channel LSCM (Carl Zeiss). Cre-labelled images were despeckled for background noise reduction. Cell counting. Maximum intensity projections of 20× optical slice z-stacks were collected -40 to 360 μm medial to the medial end of the nucleus ambiguus. ChAT + and Cre + or tdTomato + cells were counted within this area, with the exception of ChAT + cells that clearly belonged to the nucleus ambiguus or VII nucleus (distinguished by location and large cell size). Counts from each hemisphere were averaged for individual animals. Counts in the rostrocaudal direction were taken from sagittal slices 40-280 μm medial to the medial end of nucleus ambiguus, where PiCo cells are most abundant. ChAT + and Cre + or tdTomato + cells were counted in 50-μm bins through the rostrocaudal extent and summed across the 240-μm span. For in vivo experiments, 50-μm serial transverse brainstem sections were cryopreserved and processed as described above. Sections were imaged through the region encompassing the injection site and noted for the presence of Evan's blue or Fast Green dye. Chat-cre expression identified the rostral end of the nucleus ambiguus in order to quantify the rostrocaudal location of injection sites relative to the nucleus ambiguus. Anatomical diagrams and coordinates were adapted from the Franklin and Paxinos adult mouse brain atlas
